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Abstract:
Climate change is a major issue that our world is facing today. Finding renewable options
for current infrastructure is paramount to solving this issue. Fischer-Tropsch synthesis of syngas
from gasified biomass can produce renewable fuels that can be used in current conventional
combustion engines. In order to make this process more industrially viable, a higher selectivity
towards the desired range of liquid hydrocarbon products must be achieved. A novel way to do
this is to introduce a catalyst to the Fischer-Tropsch reaction. The catalyst’s physical and
chemical properties can promote chain growth of specific hydrocarbons. For the purpose of this
research, the production of sustainable aviation fuel is the goal, and therefor the catalyst that is
produced must promote the growth of 𝐶5 − 𝐶20 length hydrocarbons. During the process of this
research three promising catalysts were produced to achieve this goal, a 7.5 wt.% cobalt, 0.19
wt.% ruthenium supported on ZSM-5, a 5 wt.% Nickel, 3 wt.% gallium supported on ZSM-5,
and a 5 wt.% Nickel, 3 wt.% gallium supported on 𝐴𝑙2 𝑂3. These catalysts were produced by
incipient wetness impregnation. A scanning electron microscope with energy dispersive X-ray
spectroscopy was used to gain visual data and metal dispersion data on the surface of the
catalysts. It was concluded that, if surface area and pore volume measurements are found to be
like Chevron’s Co/Ru/ZSM-5 catalyst, then the Co/Ru/ZSM-5 catalyst produced during this
research should be able to achieve a similarly high selectivity towards 𝐶5 − 𝐶20 length
hydrocarbons.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW
1.1

Introduction

Climate change remains one of the largest issues that our world faces. Carbon dioxide
(𝐶𝑂2) which is created through conventional combustion of fossil fuels and released into the
Earth’s atmosphere. Carbon dioxide made up 79% of the total United States greenhouse gas
emissions in the year 2020 [1]. In recent years, the aviation industry has invested an increased
amount of time and money into reducing their overall emissions. This is due to the Federal
Aviation Administration (FAA) has set a goal for the United States aviation industry to reach
net-zero greenhouse gas emissions (GHG) by the year 2050 [2]. The aviation industry makes up
2.1% of total GHG emissions and 12% of the GHG emissions of the transportation industry [3].
In the year 2019, this amounted to roughly 920 million tons of 𝐶𝑂2 being released into the
atmosphere [4]. As a result, development of Sustainable Aviation Fuel (SAF) has started in order
to provide a renewable source of fuel for the industry which will contribute to reaching the 2050
net-zero GHG emissions goal.
1.2

Fischer-Tropsch Fuel Production

A novel way of producing SAF is by using a Fischer-Tropsch (FT) reactor. The FT
reactor takes a gaseous mixture, or syngas, comprised of hydrogen (𝐻2 ) and carbon monoxide
(𝐶𝑂) and converts it into a mixture of hydrocarbons. The syngas can be obtained from fossil
fuels including natural gas, or from biomass [5]. The products of a FT reactor are a wide range of
hydrocarbons including gases, liquids, and waxes [6]. These reactions occur in the reactor bed,
which is pressurized between 10-30 atm, and heated to between 210℃ and 225℃ [7]. For the
purposes of this research, a fixed bed reactor will be assumed as the reactor type when referring

to an FT reactor because it will be the reactor type that will be used in future research related to
this topic.
1.3

Biomass Gasification

For the FT reactor to produce renewable fuels, a syngas derived from fossil fuels cannot be used.
Another raw material source for creating the syngas necessary for the reaction is biomass. The
process of creating a syngas from biomass is called biomass gasification. Gasification is also
known as the partial oxidation of biomass. The products of the biomass gasification process
include carbon monoxide and hydrogen, which are the two major components of the syngas used
in FT reactors. This syngas can then be used to create hydrocarbon fuels like gasoline, diesel and
jet fuels [8].
1.4

FT Catalysts

The FT reactor can create hydrocarbons from the syngas fed into the reactor, but this
produces a wide range of hydrocarbons. Longer hydrocarbon chains (𝐶5 − 𝐶20 ) are very useful
in producing fuels like gasoline, jet fuel, and diesel while and shorter chain length hydrocarbons
(𝐶2 − 𝐶4 ) and very long hydrocarbon chains (𝐶21 +) require extra processing to create fuels.
Catalysts can be utilized to increase the reactions selectivity to a desired range of hydrocarbons.
Common catalysts that are used in FT reactors are aluminum oxide (𝐴𝑙2 𝑂3) and ZSM-5.
Aluminum Oxide can be found in both powder and pellet forms, however, when considering its
use as a catalyst in FT reactions, the pellet form is much more advantageous due to its ease of
clean-up within the system. These are produced by pressing the aluminum powered and sintering
them in a high temperature furnace [9]. ZSM-5 is an aluminosilicate zeolite material that is
produced by combining chemicals like silica gel (𝑆𝑖𝑂2) Tetrapropylammonium bromide

(TPABr), and 𝐴𝑙2 (𝑆𝑂4 )3 in an autoclave [10]. Both materials are very suitable catalysts for
creating usable liquid fuels due to their surface area and pore volume. These characteristics are
instrumental in determining the selectivity of a catalyst by comparing it to other known catalysts
characteristics.
Another factor that effects a catalysts selectivity is depositing metals within the pores of
the catalyst. The metals serve to promote hydrocarbon chain growth within the pores of the
catalysts which leads to a selectivity towards higher length hydrocarbons. Iron is the most
common metal used in hybrid catalysts due to its relatively low price. It has a high selectivity
towards the upper range of hydrocarbons and can tend to produce heavy waxes instead of liquids.
This has the unintended effect of clogging the catalysts pores, reducing its activity. Additionally,
extra post-processing of this wax is required in order for it to be a usable fuel [11]. Cobalt is
another commonly used metal and has a very high selectivity to longer chain hydrocarbons
without the drawback of producing heavy wax. These advantages can only be seen when the
reaction occurs at lower reactor temperatures (less than 250ºC) because cobalt’s selectivity
towards lower chain length hydrocarbons increases as the temperature of the reaction increases
[12]. Ruthenium is a somewhat uncommon metal due to its high prices, but it is a very effective
metal on a catalyst. Ruthenium has the effect of increasing a catalyst’s activity, which in turn
allows for a higher yield of products [13]. Nickel is another metal used on catalysts; however, it
is not very effective since it produces volatile carbonyls that cause the metals to be removed
from the catalyst at the reaction temperatures and pressures [14]. However, when Nickel is
paired with Gallium on a catalyst higher activity and selectivity is recorded when converting 𝐶𝑂2
directly to methanol [15]. This process essentially allows for 𝐶𝑂2 to be pulled from the
atmosphere directly and reacts with hydrogen gas to create methanol. This process can avoid the

added biomass gasification step that adds time and money to the process of creating usable fuels
from an industrial standpoint.
1.5

Objectives

Chevron has created a cobalt/ruthenium-based catalyst (7.5 wt.% cobalt, 0.19 wt.%
ruthenium supported on ZSM-5) that boasts a 71.8% selectivity towards 𝐶5 − 𝐶20 length
hydrocarbons, which is the ideal length to produce fuels like gasoline, diesel, and jet fuel [7].
The primary goal of this research is to produce and characterize promising catalysts in hopes of
achieving the high selectivity towards the ideal range of hydrocarbons for SAF. The results of
the characterization of these catalysts will then be compared to the Chevron Then, using a
biomass derived syngas, synthesis of usable and renewable liquid hydrocarbons can be achieved
using a fixed bed FT reactor.
CHAPTER 2: MATERIALS AND METHODS
2.1

Desired Catalysts

Two replicates of three different catalysts were produced for this research. These
catalysts are a 7.5 wt.% cobalt, 0.19 wt.% ruthenium supported on ZSM-5, a 5 wt.% Nickel, 3
wt.% gallium supported on ZSM-5, and a 5 wt.% Nickel, 3 wt.% gallium supported on 𝐴𝑙2 𝑂3.
These catalysts were chosen because of their high selectivity towards the ideal range of
hydrocarbons for jet fuel production, or for their viability as a catalyst for producing fuels
directly from 𝐶𝑂2.

2.2

Catalyst Synthesis

In order to produce the desired catalyst, a method to deposit a specific amount of the
metals into the catalyst pores is needed. Incipient wetness impregnation is a method of catalyst
preparation that works for the specific circumstances of the catalyst. A predetermined amount of
metal salts is mixed in a predetermined amount of distilled water to create the solution. This
solution is then brought into contact with the catalyst. The amount of distilled water that was
used to create the solution corresponds to the pore volume of the catalyst itself. In an ideal
situation, all of the solution will be absorbed into the pores of the catalyst. This absorption occurs
due to capillary forces. Once this process is completed, the catalyst can then be dried in a
vacuum oven. Once all of the water has been evaporated from the pores of the catalyst, the
metals that were once dissolved within the solution should be deposited within the catalyst’s
pores [16].
There are several factors that can affect the dispersion of the metals across the catalyst,
one of which is the PH of the solution containing the dissolved metals. Research has determined
that the more neutral the solution that is used, the higher the attraction between the metal ions
and the catalyst surface [16].
When preparing the cobalt-ruthenium catalyst, the pore volume was first determined.
This was done by soaking 10 grams of the ZSM-5 (Advanced Chemicals Supplier Material,
LLC) in 50ml of distilled water. After approximately 30 minutes elapsed, the remaining water
was drained from the beaker containing the ZSM-5 (Advanced Chemicals Supplier Material,
LLC) into a graduated cylinder [17]. The missing volume of water was 6 ml. Next, roughly 30 g
of ZSM-5 (Advanced Chemicals Supplier Material, LLC) was added to a dry beaker. Using a
graduated cylinder, 18 mL of distilled water was measured out and then added to a separate
beaker. Using the ratio of 7.5% mass of Cobalt (II) Nitrate Hexahydrate (Alfa Aesar), and 0.19%

mass of Ruthenium (III) Chloride Hydrate (Alfa Aesar), amounts of these metals were measured
out. This was done using an electric mass balance and parchment paper squares. The metal salts
were handled using protective gloves, a respirator mask, lab coat, and goggles. The required
masses of cobalt and ruthenium are then measured out and added to the solution of distilled
water. These masses were measured out onto a Mettler Toledo EL204 scale like the one shown
in Figure 1. This measurement data is in Table 1. The solution was dark brown (almost black). It
was stirred until all the visible chunks of metal salts were fully dissolved. This solution was then
poured over the ZSM-5 (Advanced Chemicals Supplier Material, LLC) pellets under the fume
hood. This mixture was then left to absorb into the catalyst for roughly 30 minutes, being
agitated occasionally with a glass stirring rod as seen in Figure 2 [17]. After 30 minutes elapsed,
there was no visible remaining aqueous solution. The beaker containing the catalyst was then
placed in an Isotemp Vacuum oven Model 280A from Fischer Scientific as seen in Figure 3. A
vacuum was developed at -30 hg and temperature was held steady at 100℃ +/- 5℃. The Catalyst
was dried in the oven for 25 hours. This process was repeated for both replicates of the 7.5 wt.%
cobalt, 0.19 wt.% ruthenium supported on ZSM-5 catalyst.
A similar process was used to create the 5 wt.% Nickel, 3 wt.% Gallium supported on 75
wt.% ZSM-5, and the 5 wt.% Nickel, 3 wt.% Gallium supported on 75 wt.% 𝐴𝑙2 𝑂3 catalysts.
First, the pore volume for the 𝐴𝑙2 𝑂3 (Sigma-Aldrich) was determined using the same method as
used in determining the pore volume for the ZSM-5. This was found to be roughly 5 mL for 10
grams of the 𝐴𝑙2 𝑂3 (Sigma-Aldrich). For 30 grams of the 5 wt.% Nickel, 3 wt.% gallium
supported on ZSM-5 catalyst to be produced, 18 mL of deionized water was placed in a beaker
and using the ratio of 5% Nickel and 3% gallium, the necessary amounts of the metals were
measured, recorded in Table 1, and dissolved in the solution. For the 5 wt.% Nickel, 3 wt.%

gallium supported on 𝐴𝑙2 𝑂3 catalyst, only 15 mL of deionized water was measured, recorded in
Table 1, and poured into a beaker. The correct masses of the Nickel (II) Nitrate Hexahydrate
(Acros Organics) and Gallium (II) Nitrate Hydrate (Alfa Aesar) were determined in the same
manner as previously stated and combined in the deionized water. Once the solutions had fully
dissolved, it was then poured over the ZSM-5 (Advanced Chemicals Supplier Material, LLC) or
𝐴𝑙2 𝑂3 (Sigma-Aldrich) under the fume hood. These mixtures were then left to absorb for 30
minutes, being agitated occasionally with a glass stirring rod to promote even dispersion of the
metals across all the catalyst pellets [17]. After 30 minutes of absorbing, the solution was no
longer visible and the beaker containing the catalysts were then dried in the same vacuum oven
as previously stated and shown in Figure 3. A -30 Hg inch vacuum was then developed in the
vacuum oven, and a temperature of 100℃ +/- 5℃ was reached. The catalysts were dried in the
oven for 25 hours before they were removed. This process was duplicated for both the 5 wt.%
Nickel, 3 wt.% gallium supported on ZSM-5, and the 5 wt.% Nickel, 3 wt.% gallium supported
on 𝐴𝑙2 𝑂3 catalyst replicates.

Figure 1. Mettler Toledo EL204 balance.

Figure 2. Catalyst being prepared under fume hood.

Figure 3. Vacuum oven apparatus used to dry the catalyst.

ZSM-5 mass
(g)
Cobalt mass
(g)
Ruthenium
mass (g)
Total mass
(g)
% Cobalt
%
Ruthenium
% ZSM-5

Co/Ru/
ZSM-5 #1

Co/Ru/
ZSM-5 #2

30.0800

31.1300

2.4439

2.5292

0.0619

0.0641

32.5859

33.7233

0.0750

0.0750

0.0019

0.0019

0.9231

0.9231

ZSM-5
mass (g)
Nickel
mass (g)
Gallium
mass (g)
Total
mass (g)
% Nickel
%
Gallium
% ZSM-5

Ni/Ga/
ZSM-5 #1

Ni/Ga/
ZSM-5 #2

Ni/Ga/
Al2O3 #1

Ni/Ga/
Al2O3 #2

30.5639

30.7000

30.2000

30.7000

1.6611

1.6685

0.9848

1.0011

0.9966

1.0011

1.6413

1.6685

33.2216

33.3696

32.8261

33.3696

0.0500

0.0500

0.0500

0.0500

0.0300

0.0300 % Gallium

0.0300

0.0300

0.9200

0.9200

0.9200

0.9200

Al2O3
mass (g)
Nickel
mass (g)
Gallium
mass (g)
Total
mass (g)
% Nickel

% Al2O3

Table 1. Catalyst production masses based off desired %wt.
2.3

Characterization Methods

Once all the catalysts are created, the characterization processes began. Each catalyst will
undergo several characterization techniques so that they can be compared with other similar
catalysts, and so that their selectivity can be predicted. The characterization techniques are all
located in table 2.
Characterization method Reason
TGA

To obtain calcination time

BET

To obtain surface area

BHJ

To obtain pore size and volume

SEM/EDS

To obtain visual data on surface of the catalyst

FTIR

To obtain elemental composition of the catalyst

XRD

To obtain information on the crystallinity of the catalyst

IR Spectroscopy

To obtain information of the functional groups of the catalyst
Table 2. Characterization methods.

Thermogravimetric analysis (TGA) is undergone to determine the calcination time at a
specific temperature. Calcination is an important step in synthesizing the catalyst and can only be
completed with the data acquired from TGA [17].
Brunauer-Emmett-Teller (BET) analysis is undergone to provide the surface area of the
catalyst which is an important parameter that affects the catalyst’s selectivity to certain chains of
hydrocarbons [18].
Barrett-Joyner-Halenda (BJH) analysis is very similar to BET analysis. BJH is used to
determine the pore size and volume of catalysts. This is another important parameter used to
compare catalysts because the pore size can affect the catalyst’s activity and selectivity [18].
Scanning electron microscopy (SEM) is another important characterization technique. It
provides data on what is present on the surface of the catalyst. When compared to an unimpregnated catalyst, it will be easy to determine where the metals are located on the surface of
the catalyst, and how well they are dispersed [19]. Energy Dispersive X-Ray Spectroscopy
(EDS) is a method that collects data on the elemental composition of the surface of the catalyst.
This happens as a result of SEM’s electron beam causing x-rays to be emitted. There is a sensor
mounted to the apparatus that can determine the wavelength and frequency of the released x-ray
and a computer uses this data to determine what kind of atom released that specific x-ray.
Fourier-transform infrared spectroscopy (FTIR) is a crucial characterization method,
because it is used to determine the physical make-up of the catalyst itself. It will provide a graph
of wavelengths that will correspond to different elements that make up the specimen being
examined [20].

X-ray diffraction (XRD) analysis is used to determine the crystallinity of the catalysts.
This can be used to compare these catalysts to other catalysts examined in other sources of
research [21].
Infrared spectroscopy analysis is also a very useful tool in determining the functional
groups for the catalysts that are being investigated. This can help determine factors like
selectivity and activity for the catalyst and can also assist in comparing the catalysts to other
scholarly articles [22].
The purpose of using these characterization methods is to be able to compare the
properties of the catalysts created in this research to other catalysts produced in order to
determine how the catalysts will act in the FT reactor. This will also allow for the comparison of
the products once those are created using the FT reactor.

CHAPTER 3: RESULTS AND DISCUSSION
3.1

Characterization results

The characterization method that was completed for the catalysts that were created was
SEM and EDS. This can show the surface of the catalyst and provide data on the elemental
dispersion across its surface. Each of the six catalysts produced were analyzed under the JEOL
JSM -7600F Field Emission SEM shown in Figure 4.
3.1.1

Co/Ru/ZSM-5 #1

Figures 5a, 5b, 5c, and 5d, are of the first Co/Ru/ZSM-5 catalyst. Figure 5a shows a
catalyst surface with very large pores and an extreme amount of surface area. Figures 5b, and 5c
display the dispersion of cobalt and ruthenium respectively over the area captured in the SEM

image. The images show a large amount of dispersion of these elements on the catalyst’s surface.
The EDS graph shown in figure 5d shows the elements present in the SEM image and displays
them by percent weight. In this SEM image it is showing 4.7% ruthenium and 3.5% cobalt.

3.1.2

Co/Ru/ZSM-5 #2

Figures 6a, 6b, 6c, and 6d, are of the second Co/Ru/ZSM-5 catalyst. Figure 6a also shows
a catalyst surface with very large pores and an extreme amount of surface area. Figures 6b, and
6c display the dispersion of cobalt and ruthenium respectively over the area captured in the SEM
image. The images, again, show a large amount of dispersion of these elements on the catalyst’s
surface. The EDS graph shown in figure 6d shows the elements present in the SEM image and
displays them by percent weight. In this SEM image it is showing 3.3% ruthenium and 6.3%
cobalt.
3.1.3

Ni/Ga/ZSM-5 #1

Figures 7a, 7b, 7c, and 7d, are of the first Ni/Ga/ZSM-5 catalyst. Figure 7a has some
evidence of charging, which can be seen as distortion in the SEM image. Despite this, it shows a
catalyst surface with large pores and a large surface area. Figures 7b, and 7c display the
dispersion of nickel and gallium respectively over the area captured in the SEM image. The
images show a large amount of dispersion of these elements on the catalyst’s surface. The EDS
graph shown in figure 7d shows the elements present in the SEM image and displays them by
percent weight. In this SEM image it is showing 3.4% nickel and 1.1% gallium.

3.1.4

Ni/Ga/ZSM-5 #2

Figures 8a, 8b, 8c, and 8d, are of the second Ni/Ga/ZSM-5 catalyst. Figure 8a has
evidence of very large pores in the bottom left of the image, as well as also displaying the large
surface area of the catalyst. Figures 8b, and 8c display the dispersion of nickel and gallium
respectively over the area captured in the SEM image. The images show a large amount of
dispersion of these elements on the catalyst’s surface. The EDS graph shown in figure 8d shows
the elements present in the SEM image and displays them by percent weight. In this SEM image
it is showing 2.5% nickel and 0.6% gallium.
3.1.5

Ni/Ga/𝐴𝑙2 𝑂3 #1

Figures 9a, 9b, 9c, and 9d, are of the first Ni/Ga/𝐴𝑙2 𝑂3 catalyst. The SEM image shown
in figure 9a was taken at a lower magnification due to issues with charging on the surface
interfering with the quality of the image; however, the zoomed-out image still demonstrates the
large surface area of the catalyst and will provide a more overarching elemental dispersion from
the EDS. Figures 9b, and 9c display the dispersion of nickel and gallium respectively over the
area captured in the SEM image. The images show a large amount of dispersion of gallium on
the catalyst’s surface with a noticeable lack of nickel present. The EDS graph shown in figure 9d
shows the elements present in the SEM image and displays them by percent weight. In this SEM
image it is showing 0.0% nickel and 4.4% gallium.
3.1.5

Ni/Ga/𝐴𝑙2 𝑂3 #2

Figures 10a, 10b, 10c, and 10d, are of the second Ni/Ga/𝐴𝑙2 𝑂3 catalyst. The SEM image
shown in figure 10a was taken at a higher magnification due to the presence of a very large pore
in the image. This will show a partial picture of the elements deposited within the pores because

while the image is zoomed in on a pore, electrons can become trapped in the pore, failing to
reach the EDS sensor and provide elemental data. Figures 10b, and 10c display the dispersion of
Nickel and Gallium respectively over the area captured in the SEM image. The images show a
large amount of dispersion of these elements on the catalyst’s surface. The EDS graph shown in
Figure 10d shows the elements present in the SEM image and displays them by percent weight.
In this SEM image it is showing 7.0% nickel and 3.8% gallium.

Figure 4. Chemistry department’s JEOL JSM -7600F Field Emission SEM.

Catalyst Pores

Figure 5a. Co/Ru/ZSM-5 #1 SEM image at 10,000X magnification.

Figure 5b. Co/Ru/ZSM-5 #1 EDS image of cobalt dispersion at 10,000X magnification.

Figure 5c. Co/Ru/ZSM-5 #1 EDS image of ruthenium dispersion at 10,000X magnification.

Figure 5d. Co/Ru/ZSM-5 #1 EDS graph of elements present on the catalyst’s surface.

Catalyst Pores

Figure 6a. Co/Ru/ZSM-5 #2 SEM image at 10,000X magnification.

Figure 6b. Co/Ru/ZSM-5 #2 EDS image of cobalt dispersion at 10,000X magnification.

Figure 6c. Co/Ru/ZSM-5 #2 EDS image of ruthenium dispersion at 10,000X magnification.

Figure 6d. Co/Ru/ZSM-5 #2 EDS graph of elements present on the catalyst’s surface.

Catalyst Pores

Figure 7a. Ni/Ga/ZSM-5 #1 SEM image at 10,000X magnification.

Figure 7b. Ni/Ga/ZSM-5 #1 EDS image of Nickel dispersion at 10,000X magnification.

Figure 7c. Ni/Ga/ZSM-5 #1 EDS image of Gallium dispersion at 10,000X magnification.

Figure 7d. Ni/Ga/ZSM-5 #1 EDS graph of elements present on the catalyst’s surface.

Catalyst Pores

Figure 8a. Ni/Ga/ZSM-5 #2 SEM image at 10,000X magnification.

Figure 8b. Ni/Ga/ZSM-5 #2 EDS image of Nickel dispersion at 10,000X magnification.

Figure 8c. Ni/Ga/ZSM-5 #2 EDS image of Gallium dispersion at 10,000X magnification.

Figure 8d. Ni/Ga/ZSM-5 #2 EDS graph of elements present on the catalyst’s surface.

Figure 9a. Ni/Ga/𝐴𝑙2 𝑂3 #1 SEM image of surface at 1,000X magnification.

Figure 9a. Ni/Ga/𝐴𝑙2 𝑂3 #1 EDS image of Nickel dispersion at 1,000X magnification.

Figure 9a. Ni/Ga/𝐴𝑙2 𝑂3 #1 EDS image of Gallium dispersion at 1,000X magnification.

Figure 9a. Ni/Ga/𝐴𝑙2 𝑂3 #1 EDS graph of elements present on the catalyst’s surface.

Figure 10a. Ni/Ga/𝐴𝑙2 𝑂3 #2 SEM image of surface at 15,000X magnification.

Figure 10b. Ni/Ga/𝐴𝑙2 𝑂3 #2 EDS image of Nickel dispersion at 10,000X magnification.

Figure 10c. Ni/Ga/𝐴𝑙2 𝑂3 #2 EDS image of Gallium dispersion at 10,000X magnification.

Figure 10d. Ni/Ga/𝐴𝑙2 𝑂3 #2 EDS graph of elements present on the catalyst’s surface

3.2

Discussion

The main properties that govern the selectivity of a catalyst are surface area, pore size,
presence of deposited metals, and dispersion of deposited metals. Varying these properties can
help make a catalyst more selective towards a desired product. In the case of this research, the
goal is to discover properties that could lead to higher 𝐶5 − 𝐶20 hydrocarbon chain production or
higher methanol production from 𝐶𝑂2. In order to determine whether the catalysts that were
produced in this research succeed in these two goals, they must be compared to other catalysts
from literature. Table 3 displays pertinent data from eight other catalysts in order to compare
them to the catalysts produced for this research. Table 4 displays the pertinent data from the six
catalysts that were produced for this research. While BET and BHJ were not completed on the
catalysts that were produced for this research, the surface area and pore volume of the ZSM-5 is
displayed by the manufacturer. The surface area and pore volume for the ZSM-5 (ACS Material)
are 250 𝑚2 /𝑔 and 0.25 𝑐𝑚3 /𝑔 respectively [23]. The addition of metals to the surface of this
catalyst has been shown to decrease the overall surface area and pore volume by 15-20%. The
surface area and pore volume of 𝐴𝑙2 𝑂3 (Sigma-Aldrich) are not listed in their product
specification sheet.
The catalyst with the highest selectivity towards 𝐶5 − 𝐶20 hydrocarbons is the
Co/Ru/ZSM-5 from Table 3 with a 71% selectivity towards this range [16]. This far dwarfs the
other similar cobalt, ruthenium, or iron-based catalysts in Table 3, which all have selectivity
geared towards short chain hydrocarbons [23, 24, 25]. Based off this. it can be determined that a
cobalt and ruthenium catalyst on ZSM-5 that has a high surface area and pore volume,
compounded with a high metal dispersion across the catalyst will yield similar selectivity results.
Comparing this catalyst’s data with the date obtained from the Co/Ru/ZSM-5 catalysts produced,

if the surface area and pore volume are determined to be similar, then the produced catalyst
should have a high selectivity to the 𝐶5 − 𝐶20 hydrocarbon range as seen in the Chevron catalyst
[7]. The largest limiting factor to achieving this would likely be the level of metal dispersion
across the produced catalysts. As shown in the EDS data the dispersion of the metals is very
good; however, the percent weight shown in figures 5d and 6d is much higher than the intended
percent weight of 7.5% cobalt and 0.19% ruthenium. This is likely due to error in measuring out
the exact quantities of the metals as well as the error in estimating the pore volume for the
incipient wetness impregnation process. While the concentration of the metals on small area of
the surface being viewed under the SEM is higher than expected, this would likely have no major
impact on selectivity of the catalyst due to the high level of metal dispersion shown by the
SEM/EDS images. When comparing the nickel gallium catalysts, it is not as selective towards
the 𝐶5 − 𝐶20 range of hydrocarbons. However, this is offset by this catalyst’s ability to
synthesize fuels directly from 𝐶𝑂2 which allows for the biomass gasification step to be skipped.
This utility has great potential in industrial applications.

Comparison Catalysts
Co/Ru/
ZSM-5
[16]
309
m /g
204
m /g

Fe3O4@C
(NFC3) [24]

Fe/Cu/La
[25]

Co/AlO3
[26]

117.34 m /g

45 m /g

143 m /g

SEM/EDS

High
dispersion
of metals

-

-

XRD

High
dispersion
of metals

-

-

Selectivity

71%
C5-C20

Selectivity
toward light
hydrocarbons.
(C2-4)

19.1%CH4,
37% C2-C4,
32.3% C5C12,
10.8%C12+

BET

2

2

2

2

BHJ

La/Co/
AlO3
[26]
136
m /g
0.34
cm /g

Ni/Ga/
HZSM5 [27]
-

Ni/Ga/
Ni/Ga/
AlO3 Mesosilica
[28]
[29]
117 m /g
-

Formation
of carbon
nanofilaments
shown
Addition
of La
increased
metal
dispersion

High
dispersion
of metals

High
dispersion
of metals

High
dispersion of
metals

High
dispersion
of metals

High
dispersion
of metals

High
dispersion of
metals

CO
100%

Methanol
42.7%

2

2

0.228 cm /g
3

0.32 cm /g

0.36
cm /g

3

2

3

Formation
of carbon
nanofilaments
shown
-

-

-

3

-

0.226
cm /g

-

3

Ethane
80%

Table 3. Data from similar catalysts

CHAPTER 4: CONCLUSION AND SCOPE OF FUTURE RESEARCH
4.1

Conclusion

Two replicates of three different catalysts were created in order achieve a high 𝐶5 − 𝐶20
hydrocarbon selectivity. These three catalysts are a 7.5 wt.% cobalt, 0.19 wt.% ruthenium
supported on ZSM-5, a 5 wt.% Nickel, 3 wt.% gallium supported on ZSM-5, and a 5 wt.%
Nickel, 3 wt.% gallium supported on 𝐴𝑙2 𝑂3. These catalysts were produced using the incipient
wetness impregnation method in order to better control the amount of metals deposited on the
surface of the catalysts. Once all of the catalysts were produced, characterization by use of an
SEM/EDS machine was done in order to gain insight into the presence and dispersion of
deposited metals and to get a visual idea of the surface area and pore sizes for each of the
different catalysts. This data was then compared to catalysts from other research in order to
predict how the catalysts produced in this research might react. It was determined that the 7.5

wt.% cobalt, 0.19 wt.% ruthenium supported on ZSM-5 catalyst would likely have very similar
selectivity towards the desired 𝐶5 − 𝐶20 length hydrocarbons if the surface area and pore
volumes of the two catalysts are determined to be similar. The Nickel Gallium catalyst would
likely have a selectivity towards shorter chain hydrocarbons. This might not be as ideal for
producing sustainable aviation fuel, it has the promising trait of being able to cut out the biomass
gasification process.
4.2

Future research scope

The likely next steps to continue this research would be to continue to collect more
characterization data, specifically BET and BHJ. Once the surface area and pore volume of the
catalysts are determined by these tests, the catalysts can be run in the fixed bed FT reactor that is
available for use in Georgia Southern University’s Engineering Research Building. The fuels
produced by the FT reactor can then be analyzed by the available gas chromatography mass
spectrometer (GCMS). This would provide specific data on what the FT reactor was able to
produce with assistance from the catalysts so the catalyst’s exact selectivity can be determined.
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